Aiming at quantifying the impacts of soil properties on rainfall-runoff processes, the soil saturated hydraulic conductivity (K s ) and the soil erodibility factor (K) were selected and incorporated into the classical topographic index ln(α/tanβ) (TI) to construct a modified topographic index (TI 0 ). Stream network extractions and performance evaluations of topography-based hydrological models based on TI and TI 0 were carried out in three watersheds with different climate conditions. The investigations indicated that: (1) the changes of stream networks caused by the incorporation of K s ·K could correctly present the phenomenon that the points would show greater potential to be saturated to become contributing areas if their underlying soils possess higher hydraulic conductivities and stronger erodibility; and (2) the performances of the topography-based hydrological models TOPMODEL and TOPX were improved when simulating the daily rainfall-runoff processes with the input of ln(α/(tanβ·Ks·K) (TI3). TI3 was suitable for rainfall-runoff simulation in arid and semi-arid, humid and semi-humid, and humid regions. The performance improvements increased as the spatial heterogeneity of Ks·K enlarged. Based on these investigations, TI3 was recommended for the modified form of TI 0 .
INTRODUCTION
Topography is an important land-surface feature affecting the soil moisture and runoff generation in a watershed.
The topographic controls over the rainfall-runoff process are generally represented by the well-known topographic index ln(α/tanβ) (TI). In a topography-based water cycle simulation, the local water deficit which is the key factor to determine the point as unsaturated or saturated is physically linked to the local TI and the catchment mean soil moisture deficit. The saturated areas are generally defined as contributing areas generating subsurface flow or surface flow (Beven & Kirkby ; Beven ) . Thus, TI is capable of predicting the propensity of any point in a catchment to generate runoff, and represent the effect of topography on the rainfall-runoff process.
In the past decades, because of the simple computation and its correlation with soil moisture and runoff generation, TI has been widely applied to various aspects of hydrology, agriculture, and environment. Hydrologists have made many efforts to modify TI to improve its physical significance and accuracy. These modifications mainly include amending the calculating method of accumulative upslope area (α) and the in affecting the actual rainfall-runoff process (Famiglietti & Wood ; Ambroise et al. b; Lei et al. ) .
The influences of soil heterogeneity on the rainfall-runoff process were originally considered at the original construction of a soil topographic index ln(α/tanβ·T 0 ). However, specifying a spatial distribution for T 0 is generally much more problematic since there are not good enough measurement techniques for obtaining this parameter (Beven ) , thus T 0 was omitted from ln(α/tanβ·T 0 ) by assuming the distribution of T 0 is spatially homogeneous, thus TI was formed. As the impacts of soil heterogeneity on the rainfall-runoff process still deserves attention, we tried to find another soil characteristic parameter D and integrate it into TI to construct a modified topographic index TI 0 . We supposed TI 0 satisfies the two hypotheses that: (1) TI 0 could correctly represent the effects of soil heterogeneity on the rainfall-runoff process; and (2) TI 0 could improve the performance of the topography-based hydrological model.
During the selection of D, two requirements were necessary: (1) D should be directly or indirectly related to soil transmissivity and macroporosity which are two of the most important factors affecting soil water movement; and
(2) as the field observed soil parameters are unavailable in our investigation, D should be closely related to soil texture to ensure the availability of its spatial distribution. Similarly, as the assumption that the transmissivity profile may be described by an exponential function of storage deficit, and with a value of T o when the soil is just saturated to the surface (zero deficit) (Beven ), we assumed that the soil property characterized by D keep an exponential function of storage deficit as well, and when the soil is just saturated to the surface, it can be presented by the value of D. Therefore, the modified expression for TI 0 can be defined as ln(α/tanβ·D). This paper aims to search for a relatively appropriate revised form of TI 0 and test the two hypotheses mentioned above to prove the rationality of TI 0 .
MATERIALS AND METHODS

Selection of soil characteristic parameter
The impacts of soil on the rainfall-runoff process are generally caused by multiple soil properties, thus D is not limited to one certain soil characteristic parameter. As satisfying the two requirements regarding D mentioned above, the saturated hydraulic conductivity (K s ) and the soil erodibility factor (K ) were selected. K s represents the hydraulic property of soil, it characterizes the soil capacity to conduct water flow. Soil with higher K s value indicates a stronger ability to conduct water and consequently increase the soil moisture, and thus easier to generate runoff (Archer et al. ) . K delegates the physical property of soil, it quantifies the soil's ability to resist water erosion, and soil with higher K value indicates a stronger ability to retain water and consequently easier to form runoff (Zhang et al. ) .
D can be defined as K s , K, or K s ·K. The reason for the usage of the product of K s and K, rather than the other forms, is to keep the exponentially correlated assumption.
Thus, there are three optional revised forms for TI 0 including ln(α/(tanβ·K s ) (TI1), ln(α/(tanβ·K) (TI2), and ln(α/(tanβ·K s ·K) (TI3).
Study region and data
Climate is an important factor in affecting soil texture by changing the regional water and thermal fluxes (Martinez et al. ) . It is also a crucial hydrological factor affecting precipitation and evapotranspiration (Xu et al. ; Chen et al. ; Wu et al. ) . Therefore, we selected three watersheds located in different climatic regions of China as study areas. When choosing the study region, three con- Hydro-meteorological data used in the simulation and evaluation of rainfall-runoff process were collected from the local hydrological or meteorological stations (shown in α in IMFD is defined as:
where A is the total accumulated area draining into each cell, K i is the effective contour length of the grid-cell boundary between the current cell and its ith upslope neighboring cell. The total number of uphill directions is indicated by m.
The most representative local slope angle for any one cell in the down-slope direction (i.e., tanβ) is a weighted sum, and it can be computed as:
where tanβ j is the slope gradient between the current cell and its jth down-slope neighboring cell. L j is the grid-cell boundaries between current cell and its down-slope neighboring cells. n is the total number of downhill directions.
dem (0) and dem(j) are the elevations of current cell and its jth down-slope neighboring cell, respectively, and they are supplied by DEM. dx is the distance between the current cell and its jth down-slope neighboring cell. With Equations (1) and (2), TI in IMFD is expressed as:
Considering the integrated impact of topography and soil properties on flow direction, now it is tanβ and D, instead of only tanβ, to jointly decide the flow direction, so we revised the computation module of IMFD by incorporating D to the flow direction algorithm, thus applying the revised IMFD to calculate TI 0 . The tanβ·D is calculated as Equation (5), thus TI 0 is expressed as Equation (6):
where D j is the soil characteristic parameter between the current cell and its jth down-slope neighboring cell, it is the average value of D(0) and D(j). D(0) and D(j) are the values of k s , k, or k s ·k for the current cell and its jth down-slope neighboring cell, respectively, and are provided by the grid raster of k s , k, and k s ·k.
Extraction of stream networks based on TI and TI 0
It has been observed that saturated soils where rain falls are commonly adjacent to stream channels, and the dynamic contributing area can been regarded as the extension of stream systems to some extent (Beven & Kirkby ) .
Therefore, the detailed stream networks can reflect the distribution of the contributing areas to some extent. If the stream network extracted based on TI 0 can reflect the flow tendency affected by soil heterogeneity (as mentioned earlier), the first hypothesis about TI 0 can be proved.
The watershed delineation tool Terrain Analysis using Digital Elevation Models (TauDEM) was used to extract stream networks for YLX, WJB, and HQ. In the process of stream network extraction, flow direction is a fundamental and important factor affecting the final extracted result (Tarboton ) , while flow direction is also a fundamental and decisive factor in TI. Thus the stream network can be extracted based on TI by using the same calculation algorithms of flow direction used in TI.
To extract the stream networks based on TI and TI 0 , we replaced the local slope in TauDEM by the tanβ expressed as Equation (2) and the tanβ·D expressed as Equation (5) The performances of TOPMODEL and TOPX with different inputs of TI and TI 0 were evaluated with the coefficient of efficiency, CE (Nash and Sutcliffe ), the correlation coefficient, R, and the relative error, RE, expressed as follows:
where Q obs,i and Q sim,i are the observed and simulated discharges at time i; Q obs and Q sim are the average observed and simulated discharges during the simulation period;
n is the number of observed discharges during the simulation period. A better fit is indicated when CE and R are closer to 1. RE represents the discrepancy between the simulated and observed values, a better fit is indicated when RE is closer to 0.
RESULTS AND DISCUSSION
Calculation results and spatial distribution characteristics of TI and TI 0
The grid raster of DEM, K s , K, and K s ·K with the resolution of 100 m were used to calculate TI and TI 0 . The spatial distributions of TI and TI 0 in YLX, WJB, and HQ are plotted in Figure 3 and their statistical results are listed in Table 2 .
As shown in Figure 3 , the spatial distribution of TI1, TI2, and TI3 for each watershed are significantly different from that of TI after incorporating K s , K, and K s ·K, respectively.
Since almost all of the Ks values are greater than 1, all of the K values are less than 1 (shown in When extracting stream networks by TauDEM for the study watersheds, the resolutions of the grid raster data of DEM, K s , K, and K s ·K were set as 1 km, to reduce the spatial resolution discrepancy between the elevation data and soil data and maintain the consistency with the spatial resolutions applied in the rainfall-runoff simulations. The extracted results for YLX, WJB, and HQ are illustrated in (2) the neighboring elevations do not differ too much to cover the changes caused by the differences of soil properties.
Some of these changes in YLX, WJB, and HQ are enlarged and illustrated in Figure 5 . Looking into the detailed changes, as shown in Figure 5 , it is found that in YLX, the streams based on TI1 and TI3 turn from an area covered with Mollic Gleysols (GLm) to a place covered with Gelic Leptosols (LPi) at the point labeled A1. As to Table 3 .
Combining the stream network changes illustrated in Figure 5 with the K s , K, and K s ·K values listed in Table 3 , it is clear that these streams turn from the places with lower K s , K, and K s ·K to the places with higher K s , K, and conductivity and soil erodibility. Thus, the natural phenomenon that the streams are more likely to form in the place with stronger water conductivity and stronger soil erodibility are correctly represented by these changes of stream networks. As the detailed stream networks can reflect the distribution of contributing areas to some extent (mentioned in the section 'Extraction of stream networks based on TI and TI 0 '), it is concluded that for the places with stronger water conductivity and stronger soil erodibility it is easier to become contributing areas and generate runoff. It means that the impacts of soil properties on the rainfallrunoff process can be correctly represented by the incorporations of K s , K, or K s ·K, and the first hypothesis about TI 0 is tested to be correct.
Rainfall-runoff simulation with the input of TI and TI 0
Calibrations and validations of TOPMODEL and TOPX
Previous studies (Wolock & Price ; Lin et al. ) have shown that it should not be concluded that coarse resolution is an inappropriate source of topographic information for topography-based watershed models.
Moreover, considering the large spatial scale of soil data, the resolutions of the input data, i.e., the precipitation, evapotranspiration, and the mean topographic indices, were set as 1 km. As there are a large variety of soils in each study watershed, the exponential decline of transmissivity could be valid (Beven ) . Similarly, we assumed the exponentially correlated assumption of K s , K, and K s ·K were valid in YLX, WJB, and HQ.
To achieve relatively better compatibilities between the models and the study areas, the calibrations and validations of the TOPMODEL and TOPX were performed in the study watersheds. Using the data of the first three years of the corresponding study periods, TOPMODEL and TOPX were calibrated with the method of trial-and-error. The model validation for each study watershed was investigated with the data of the remaining two or three years of the corresponding study periods. The results of the calibrations and validations showed adaptive applications for TOPX in YLX and WJB, and for TOPMODEL in HQ. The calibrated parameters for TOPX and TOPMODEL are listed in Table 4 .
Performance evaluations of TOPMODEL and TOPX
The daily rainfall-runoff processes during the entire study periods were simulated with the different inputs of TI and The simulated daily and mean monthly stream flows of TOPMODEL and TOPX based on TI, TI1, TI2, and TI3
were evaluated and are shown in 
Attribution analysis of the performance improvement
The correlations of the increases of CE based on TI3 (compared with those based on TI) and the mean value and the standard deviation (std. dev.) of K s ·K in YLX, WJB, and HQ are plotted in Figure 7 . It is clear that the increases of CE improve as the mean value and std. dev. of K s ·K enlarge.
Since a higher std. dev. of K s ·K implies a stronger dispersion of the soil properties and more intensive soil spatial heterogeneity, it can be concluded that the performance improvement increases as the soil spatial heterogeneity increases. This also explained why the CE improvement in YLX is larger than WJB and HQ, as the soil spatial heterogeneity is more intensive in YLX.
Although the incorporation of K s ·K affects the distribution of topographic index evidently (shown in Figure 3 Although the improvements based on TI3 were minor in the study watersheds, they were confirmed with the minor changes of the extracted stream networks. TI3 can quantify the impacts of soil on the rainfall-runoff process. It is useful to improve the physical mechanism of topography-based hydrological simulation.
CONCLUSIONS
Aiming at quantifying the impacts of soil on rainfall-runoff process, K s and K were selected and incorporated into TI to construct TI 0 . In order to select the proper expression for TI 0 and test the rationality of TI 0 , the extracted stream networks based on TI and TI 0 in different climatic watersheds were analyzed. The extracted results showed that the incorporation of weaken the performance improvements of the topographybased models. Although the improvements were minor, the incorporation of K s ·K to TI can quantify the impacts of soil hydraulic and physical properties on rainfall-runoff process, and it is useful in improving the physical mechanism of topography-based hydrological simulation. As the two hypotheses were satisfied for TI 0 , TI3 was recommended for the modified expression of TI 0 .
